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LIQUID SHEET RADIATOR 

Donald L. Chubb and K. Alan White, 111 
Na t iona l  Aeronautics and Space Admin i s t ra t i on  

Lewis Research Center 
Cleveland, Ohio 44135 

Abs t rac t  

A new e x t e r n a l  f l o w  r a d i a t o r  concept, t h e  
l i q u i d  sheet  r a d i a t o r  (LSR), i s  introduced. The 
LSR sheet f l o w  i s  descr ibed and an express ion f o r  
t h e  l e n g t h / w i d t h  L/w, r a t i o  i s  presented. A 
l i n e a r  dependence o f  L/w on v e l o c i t y  i s  pre- 
d i c t e d  t h a t  agrees w i t h  experimental r e s u l t s .  
S p e c i f i c  power f o r  t h e  LSR i s  c a l c u l a t e d  and i s  
found t o  be n e a r l y  t h e  same as t h e  s p e c i f i c  power 
o f  a l i q u i d  d r o p l e t  r a d i a t o r  (LDR). Several sheet 
t h i cknesses  and widths were exper imen ta l l y  i nves t -  
igated.  
unstable.  

Nomenclature 
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pressure 

s p e c t r a l  s p e c i f i c  power 

volume f l o w  r a t e  

t o t a l  emiss ive power 

s p e c t r a l  emiss ive power 

r a d i u s  o f  d r o p l e t  i n  LDR 

temperature 

t i m e  

x - d i r e c t i o n  v e l o c i t y  

y - d i r e c t i o n  v e l o c i t y  

Weber number, Eq. (15) 

s l i t  w i d t h  

x-coord inate 

y-coord inate 

z-coord inate 

constant  de f i ned  by Eq. ( 1 2 )  

o 

s r e f e r s  t o  LSR 

w r e f e r s  t o  s l i t  width, w 

r e f e r s  t o  cond i t i ons  a t  s l i t ,  y = o 

I n t r o d u c t i o n  

One way o f  s i g n i f i c a n t l y  reduc ing  t h e  mass 
o f  a space r a d i a t o r  i s  t o  e l i m i n a t e  t h e  c o n t a i n i n g  
w a l l s  f o r  t h e  working f l u i d .  
f l u i d  i s  exposed t o  t h e  vacuum c o n d i t i o n  o f  space. 
Such an e x t e r n a l  f l o w  r a d i a t o r  w i l l  have a lower 
mass than  heat  p i p e  o r  pumped loop  t y p e  r a d i a t o r s .  
Ease o f  deployment and near imnun i t y  t o  microme- 
t e o r o i d  damage a r e  two o the r  impor tan t  advantages 
o f  e x t e r n a l  f l o w  r a d i a t o r s .  

u r r e n t l y ,  t h e  l i q u i d  d r o p l e t  r a d i a t o r  
( L DR ) E-4 and t h e  l i q u i d  b e l t  r a d i a t o r  (LBRI5-’ 
a r e  t h e  e x t e r n a l  f l o w  r a d i a t o r s  r e c e i v i n g  t h e  most 
research i n t e r e s t .  I n  t h i s  paper a new e x t e r n a l  
f l o w  r a d i a t o r ,  t h e  l i q u i d  sheet r a d i a t o r  (LSR), i s  
introduced. The LSR uses a t h i n  ( ~ 1 0 0  wn) l i q u i d  
sheet as t h e  r a d i a t i n q  surface. S i m i l a r  t o  a l l  
ex te rna l  f l o w  r a d i a t o r s ,  t h e  w r k i n g  f l u i d  o f  t h e  

pressure i n  o rde r  t o  keep evaporat ive losses low. 

design. 
i n  producing t h e  sheet f l o w  does n o t  r e q u i r e  pre-  
c i s i o n  machining techniques such as those neces- 
sa ry  f o r  f a b r i c a t i n g  t h e  many smal l  ho les  of a 
LDR. Also, t h e  pump power r e q u i r e d  w i l l  be l e s s  
s i n c e  t h e  viscous losses f o r  a s i n g l e  s l i t  w i l l  
be l e s s  than  t h e  losses f o r  many smal l  holes. 
C o l l e c t i o n  o f  t h e  l i q u i d  sheet f l o w  i s  s i m p l i f i e d  
s i n c e  t h e  sheet f l o w  coalesces t o  a p o i n t  (as  w i l l  
be discussed l a t e r ) .  Thus o n l y  a smal l  c ross-  
s e c t i o n a l  area c o l l e c t o r ,  which does n o t  have t o  
contend w i t h  stream misalignment, i s  requ i red .  

Thus t h e  working 

LSR must be o f  v e r y  low ( ~ 1 0 -  % t o r r )  vapor  

One o f  t h e  advantages o f  t h e  LSR i s  ease o f  
F a b r i c a t i o n  o f  narrow s l i t s  t h a t  a r e  used 
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The simpler design of the LSR sheet qenerator and 
collector should translate into lower mass for 
these components than for the LDR and LBR. In 
addition, as will be shown later, the specific 
power, PLSR, for the sheet (power radiated/sheet 
mass) is approximately the same as the specific 
power, PLDR, for a comparable droplet sheet. 

In the next section the sheet flow geometry 
will be described and a simple analysis of this 
geometry will be presented. Following that, the 
specific power of the sheet will be compared with 
the specific power of a comparable droplet sheet. 
Then the preliminary experimental sheet flow 
results will be discussed and compared to the 
simple analysis. 
presented. 

Finally, conclusions will be 

Liquid Sheet Geometry 

A sketch of the flow geometry of a thin liq- 
uid sheet is shown in Fig. 1. 
surface tension forces at the edges of the sheet, 
cylinders are formed that grcw i n  diameter in the 
flow direction, y. Connecting the edge cylinders 
and the rectangular portion of the sheet is a 
transition region, as shown in Fig. l(b). 
transition region will also grow in thickness in 
the flow direction. In order to satisfy the con- 
servation of mass, the sheet width also decreases 
in the direction of flow. 
ders meet at some point y = L. 

Determination of the exact shape of the sheet 
cross section requires the solution of the irrota- 
tional incompressible fluid equations (Laplace 
Eq.) with a moving boundary (sheet cross section). 
However, the critical scaling parameter for the 
LSR is the lengthlwidth ratio, L/w. 
first approximation to this quantity the sheet 
cross section was assumed to consist of end cylin- 
ders plus a rectangular portion as shown in 
Fig. l(c). Both the end cylinders and the rectan- 
gular portion grow in the flow direction. 
analysis that follows includes the gravity force 
since the experiments to be discussed were per- 
formed in the Earth's gravity field. 

Consider a coordinate system moving with the 
flow velocity, v, and a control volume determined 
by the edge cylinder as show: in Fig. l(c). For 
conservation of momentum in the x-direction, rate 
of change of momentum in x-direction = force in 
x-direction 

As a result of 

This 

Finally the edge cylin- 

To obtain a 

The 

Where p is the fluid density, u is the x 
velocity and pt is the surface tension pres- 
sure for a cylinderY9 

a 
Pt = 7 

and (I is the surface tension, (N/m). For vacuum 
conditions, pf = 0 so that Eqs. (1) and (2) 
yield the following: 

For the conservation of mass for the edge 
cylinder, increase in control volume mass = rate 
of mass addition 

p(2nr)dr dy = P d udt dy 

.*. dr ud z r x =  

Substituting (3) in (4) and integrating 
yields, 

( 4 )  

Where r = ro at t = 0 

For overall conservation of mass, the mass flow 
leaving the slit at y = 0 must equal the mass 
flow at y = L where the end cylinders meet. 

PW dovo = ZrpvLrf 

Where v is the y velocity at x = 0, VL 
is the y veyocity at y = L and rL is the 
cylinder radius at y = L. 

following: 
Substituting Eqs. (5) in (6) results in the 

Where, tL 
go from y = 0 to y = L and dL is the sheet 
thickness at y = L. 

y-direction. 

is the time required for the flow to 

Since the gravitational field is in the 

v = gt + vo (8) 

y = 1/2 gt2 + vo 

Where g is t e gravitational acceleration 
constant (9.8 mlsec 9 ). From Eqs. (8) and (9) the 
following is obtained. 

Where, 

( 1 2 )  
ravitational potential energy = Z+t 

kinetic energy y , 9  

vO 

For the experimental conditions considered, 
y < 1. Therefore, using Eqs. (10) and (11) in ( y ) ,  to first order in yw the following solu- 
tion is obtained for L/w. 

u = &  (3) 
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Where (L /w)  =o i s  t h e  sheet l e n g t h / w i d t h  th i ckness  i n  t h e  f l ow  d i r e c t i o n .  Therefore, s i n c e  
i n  g r a v i t y  f r e e  Zondi t ions.  t h e  sheet emi t tance (Eq. (A-12)) increases w i t h  

th ickness,  t h e  cons tan t  th ickness emiss ive power 
c a l c u l a t e d  w i l l  be l e s s  than t h e  ac tua l  emiss ive 
power. 

‘0 (14a) presented here should be a conservat ive es t ima te  
o f  t h e  ac tua l  s p e c i f i c  power. 

power o f  an i n f i n i t e  sheet o f  constant  th ickness,  
do, surrounded by  a b lack  body source of rad ia -  
t i o n  a t  temperature, T,, i s  developed. Assuming 
t h a t  T,P (( 1, where 1, i s  t h e  sheet t rans -  
m i t t a n c e  IEq. (A-11))  and p, i s  t h e  r e f l e c t i v i t y  
o f  t h e  sheet-vacuum in te r face ,  then t h e  s p e c t r a l  
emiss ive power i s  

As a r e s u l t ,  t h e  sheet s p e c i f i c  power 

g=o g=o 

I n  Appendix A, an expression f o r  t h e  emiss ive 

(14b) 

and We i s  t h e  Weber number 

(15) 
doP 2 We J - v  

q l S  = n (l - P ~ )  s s  [il(T) - i,(T,)] (17) 
a 0  

and 

= y  
0 yw v 

where i, i s  t h e  b lack  body i n t e n s i t y ,  (Eq. (A-2)) 
(16) and E, i s  t h e  sheet spec t ra l  emi t tance (Eq. (A-12)). 

Def inesthe s p e c t r a l  s p e c i f i c  power as f o l l o w s :  

Fo r  t h e  ze ro  g r a v i t y  cond i t i ons  Eq. (14a) shows 

t h a t  (L /w)  

v e l o c i t y ,  v i f  dL i s  independent o f  vo. When 

gCo Eq. (13) shows t h a t  L l w  i s  n o t  a l i n e a r  

f u n c t i o n  o f  vo s i n c e  yw - l / v o .  Also, when 

g=o Eq. (14a) i n d i c a t e s  ( L / w ) ~ . , ~  i s  a weak 
f u n c t i o n  (-w1l4) o f  w p rov ided  dL i s  independ- 

e n t  o f  w. Fo r  s u f f i c i e n t l y  wide sheets ( l a r g e  w )  
t h e  sheet th ickness,  dL, should be independent 

of w. 

The ( L / W ) ~ , ~  r a t i o  i s  shown i n  F ig .  2 as 

should be a l i n e a r  f u n c t i o n  o f  g=o 

0’ 

2 

a f u n c t i o n  o f  Weber number. Resu l t s  a re  shown f o r  

(do/dL)g=o (w/d0)1’4 = 1, 2, 4. I n  t h e  case of 
t h e  LSR, We = 200 and f o r  a i a b o r a t o r y  experiment 
( do/dL)g,o(w/do)1/4 = 2 w h i l e  f o r  a f u l l  s c a l e  
LSR (do/dL)g,o(w/do)1/4 may be as l a r g e  as 4. 

Thus, F ig .  2 y i e l d s  
and L/w = 14 f o r  a f u l l  sca le  LSR. 

L/w zs7  f o r  a l a b  experiment 

S t a b i l i t y  o f  t h e  sheet f l o w  i s  a c r i t i c a l  
i ssue  f o r  t h e  LSR. 
t o  date, t h e r e  has been no i n d i c a t i o n  o f  t h e  sheet 
f l o w  becoming unstable. However, f o r  a f u l l  sca le 
LSR f l ow  s t a b i l i t y  may s t i l l  be a problem. Cur- 
r e n t l y  a t h e o r e t i c a l  s t a b i l i t y  a n a l y s i s  i s  be ing  
c a r r i e d  ou t .  
repo r ted  a t  a l a t e r  date. 

I n  t h e  l a b o r a t o r y  exderiments 

Resu l t s  o f  t h a t  a n a l y s i s  w i l l  be 

S p e c i f i c  Power o f  Sheet 

2A a S ‘ A s  

(18 )  
ower emittedlwavelength 

S 
mass o f  sheet - m  

Exper imen ta l l y  i t  was found t h a t  t h e  sheet area i s  
t r i a n g u l a r  i n  shape, A, = wL/2. 

For  constant  sheet f l o w  v e l o c i t y ,  

5 PWL do (19) 

where p i s  t h e  densi ty ,  w i s  t h e  sheet width, L 
i s  t h e  sheet l e n g t h  and do i s  t h e  sheet t h i c k -  
ness a t  t h e  s l i t .  Equation (19) ho lds  f o r  b o t h  
v a r i a b l e  and constant  th ickness sheets. Using 
Eqs. (17) and (19) i n  (18) y i e l d s  t h e  f o l l o w i n q  
r e s u l t .  

From Ref. 2 t h e  s p e c t r a l  emissive power o f  t h e  
d r o p l e t  sheet can be w r i t t e n  as, 

p = n f  il(T) - il(Tm) ( 2 1  1 [ 3 
where f = emiss iv i ty / (mass/area) .  The f f a c t o r  
i s  w r i t t e n  i n  terms o f  f f o r  an i n d i v i d u a l  drop, 
fo, and t h e  average v i g n e t t i n g  f a c t o r  ii, 

f = YfD (22) 

3c;D 
f o ‘  P’D 

The l a r g e  su r face  area t o  volume r a t i o  f o r  Where E ’  i s  t h e  drop s p e c t r a l  e m i s s i v i t y  and ro 
spher i ca l  d r o p l e t s  r s I t s  i n  l a r g e  s p e c i f i c  powers 
f o r  a d r o p l e t  sheet.!,? However, as w i l l  be shown 
below, f o r  t h e  same f l u i d  a continuous sheet w i l l  
have approx imate ly  t h e  same s p e c i f i c  power as a 
d r o p l e t  sheet. 

i s  t h e  drop rad ius.  
and Hertzberg2 has ii x 1/2. Therefore, Eq. (21) 
becomes t h e  f o l l o w i n g :  

The optimum LOR o f  M a t t i c k  

3 E ’  

I n  t h e  f o l l o w i n g  anAlys is  f o r  t h e  sheet emis- 
s i v e  power a constant  th ickness sheet i s  assumed. ’lD = 2 P r D  1 F l ( ~ )  - il(Tm) 
As p r e v i o u s l y  po in ted  Out, t h e  sheet grows i n  
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F o r  b o t h  t h e  d r o p l e t  sheet and t h e  cont inuous sheet 
o p e r a t i n g  a t  t h e  same temperature, Eqs. (20) and 
(24)  y i e l d  t h e  fo l l ow ing .  

S i m i l a r  t o  t h e  ana lys i s  f o r  t h e  emissive power o f  
an i n f i n i t e  sheet i n  Appendix A,  ana lys i s  of a 
sphere y i e l d s ,  (assuming l X D p X D  << 1 and 

i x(Tw) = 0). 

=n l -p E i ( T )  
q,D ( 

Where p i s  t h e  r e f l e c t i v i t y  a t  t h e  sphere 

surface-vacuum i n t e r f a c e  and E i s  t h e  sphere 

emi t tancelO g i ven  i n  terms o f  t h e  abso rp t i on  
,D 

c o e f f i c i e n t ,  a,, as fo l l ows :  
- r  

Therefore, t h e  e m i s s i v i t y  o f  t h e  sphere i s  t h e  
f o l l o w i n g :  

qx 
E l  f ni(T) = (l - E 

'D x 

-2axro1 

F o r  maximum s p e c i f i c  power o f  t h e  LSR, do 
should be as smal l  as poss ib le  (see Eq. (20) ) .  
i l a r l y ,  f o r  t h e  LDR, r D  should be as small  as 
poss ib le .  Therefore, the approximations- _axdo .<< 1 
and 2ax r  << 1 can be made i n  Eqs. (A-12) and 
(28 )  so t R a t  t o  f i r s t  order  i n  axdo and 
2a,rn, 

L 

Using Eq. (29 )  i n  Eq. (25) and assuming P = 

y i e l d s  t h e  f o l l o w i n g  r e s u l t :  I D  "s 

Since t h i s  r e s u l t  i s  wavelength independent, i t  
a l s o  a p p l i e s  t o  t h e  t o t a l  s p e c i f i c  power r a t i o ,  

shows t h a t  t h e  continuousOsheet s p e c i f i c  power i s  
approx imate ly  t h e  same as the  d r o p l e t  sheet 
s p e c i f i c  power. 

advantages o f  t h e  LSR should t r a n s l a t e  i n t o  l ower  
mass f o r  t h e  sheet generator and c o l l e c t o r  t han  
f o r  t h e  generator  and c o l l e c t o r  o f  a comparable 
LDR. Therefore, s ince t h e  s p e c i f i c  power o f  a 
cont inuous sheet i s  near ly  the  same as a d r o p l e t  
sheet, t h e  o v e r a l l  mass o f  t he  LSR should be l e s s  
than  a comparable LDR. 

t o t a l  s p e c i f i c  power = I" p, dx . Equat ion (30) ( ) 

As p o i n t e d  ou t  i n  the  i n t roduc t i on ,  t h e  des ign 

Experimental L i q u i d  Sheet Resul ts  

I n  o rde r  t o  t e s t  t h e  v a l i d i t y  o f  t h e  ana ly t -  
i c a l  p r e d i c t i o n s  o u t l i n e d  i n  Eqs. (1) t o  (14), an 
experimental i n v e s t i g a t i o n  o f  l i q u i d  sheet f l o w  
and s t a b i l i t y  was conducted. The main elements 
of t h e  apparatus used a re  shown i n  Fig. 3. The 
l i q u i d  sheet generator  c o n s i s t s  o f  a c y l i n d r i c a l  
c a v i t y  6.4 cm i n  i n n e r  diameter and 5.1 cm i n  
length,  which i s  mounted i n  a vacuum b e l l  j a r .  
B o t t l e d  n i t r o g e n  i s  used t o  f o r c e  t h e  t e s t  l i q u i d  
f rom a l i q u i d  r e s e r v o i r  ( n o t  shown) t o  t h e  gener- 
a t o r  head and through a s l i t  a t  t h e  bot tom o f  t h e  
generator  head. 
ward i n  a 5 t o  10 urn Hg vacuum environment (main- 
t a i n e d  by  a mechanical pump), and i s  c o l l e c t e d  i n  
a con ta ine r  a t  t h e  bottom o f  t h e  b e l l  j a r .  The 
f l o w  loop  does n o t  a l l o w  f o r  cont inuous operat ion;  
when t h e  f l u i d  r e s e r v o i r  i s  depleted, t h e  t e s t  
l i q u i d  i s  t r a n s f e r r e d  back f rom t h e  c o l l e c t o r .  

A d i f f u s i o n  pump o i l ,  Dow Corning 704 
(tetramethyltetraphenyltrisiloxane) , was used f o r  
t h e  experiments. Since t h e  vapor pressure o f  
DC-704 a t  room temperature i s  f o u r  o rde rs  o f  
magnitude lower  than  t h e  background pressure, 
v a p o r i z a t i o n  o f  t h e  sheet i s  i n s i g n i f i c a n t .  
aerodynamic drag on t h e  sheet a t  t h i s  vacuum 
l e v e l  i s  a l s o  n e g l i g i b l e .  

The s l i t s  used t o  form t h e  sheets were 
f a b r i c a t e d  i n  50.8 mm diameter brass d isks.  The 
d i s k s  were nomina l l y  6.3 mm t h i c k ,  and were sup- 
po r ted  by  t h e  lower  f l a n g e  o f  t h e  generator  head, 
which was b o l t e d  t o  t h e  bottom o f  t h e  qenerator  
cav i t y .  The th ickness o f  t h c  brass d isk,  and t h e  
method o f  suppor t ing them, i nsu red  t h a t  t h e  s l i t s  
d i d  n o t  deform even w i t h  pressure drops across 
t h e  s l i t  o f  130 p s i .  T h i s  experimental obse rva t i on  
was v e r i f i e d  by  c a l c u l a t i n g  t h e  d e f l e c t i o n  o f  a 
p l a t e  under load. The s l i t  geometry i s  i l l u q t r a t e d  
i n  F ig .  4, which shows a pe rspec t i ve  view o f  t h e  
s l i t  and disk, obta ined by s l i c i n g  t h e  d i s k  i n t o  
two symnetr ica l  halves. The s l i t  has a width, w, 
a thickness, do, and a length, a. 
t o  t h e  s l i t  l e n g t h  enables low e / d ' s  t o  be m i l l e d ,  
w h i l e  s imul taneously  p rese rv ing  t h e  dimensional 
i n t e g r i t y  o f  t h e  s l i t .  
examined exper imenta l ly :  f o r  each o f  t h r e e  widths 
(16.5, 25.4, and 34.3 m), s l i t s  o f  nominal t h i c k -  
nesses o f  50, 75, and 100 Vm and nominal P /d  o f  
1.0 were tested.  
and w i t h  an a /d  

The sheet thus formed f l o w s  down- 

Any 

A 90° t a p e r  

Ten d i f f e r e n t  s l i t s  were 

A s l i t  34.3 mm wide, 100 Itm t h i c k ,  
o f  3.44, was a l s o  i nves t i ga ted .  

l e n g t h  were formed by va ry ing  t h e  sheet v e l o c i t y  
over  t h e  l a r g e s t  range achievable by t h e  apparatus. 
The minimum sheet v e l o c i t y  was t h a t  a t  which t h e  
s h o r t e s t  sheet cou ld  be formed; below t h e  f l o w  
r a t e  corresponding t o  t h i s  minimum v e l o c i t y ,  t h e  
t e s t  l i q u i d  oozed f rom t h e  s l i t ,  b u t  d i d  n o t  form 
a continuous sheet. The sheets were photographed 
on 35 mm Kodak Plus-X f i l m ,  us ing  a 50 mm wide 
angle lens. The sheet was back l i g h t e d ,  such t h a t  
t h e  l i g h t  was d i f f u s e d  through opal  ( t r a n s l u c e n t )  
g lass  t o  fo rm a shadowgraph o f  t h e  sheet on t h e  
f i l m .  
except near i t s  emergence f rom t h e  generator  head. 

The v e l o c i t y  o f  t h e  sheet was c a l c u l a t e d  
f rom a known f l o w  ra te ,  Q. 

For each o f  t h e  t e n  s l i t s ,  sheets o f  v a r i a b l e  

The sheet was thus u n i f o r m l y  i l l u m i n a t e d ,  

4 



Q 
v o = i q  

The f l o w  r a t e  was determined f rom an accurate c a l -  
i b r a t i o n  o f  each s l i t ,  e f f e c t e d  by  c o l l e c t i n g  and 
weighing t h e  e f f l uen t  l i a u i d  f o r  a l e n g t h  o f  t ime .  
T h i s  process was repeated f o r  a s u f f i c i e n t  number 
o f  bp, Q p a i r s  t o  e s t a b l i s h  t h e  c a l i b r a t i o n .  
The p ressu re  drop, AP, across t h e  s l i t  was de te r -  
mined by  a s t a t i c  transducer, and t h e  temperature 
o f  t h e  f l u i d  by  a thermocouple, t h e  two beino 
l o c a t e d  i n s i d e  t h e  generator  head as c l o s e  t o  t h e  
s l i t  as p r a c t i c a l .  As t h e  v i s c o s i t y  o f  DC-704 i s  
a s t r o n g  f u n c t i o n  o f  temper$ture, i t  was necessary 
t o  c o r r e c t  even f o r  1 t o  2 C temperature v a r i a -  
t i o n s .  The analog o f  t h e  Hage P o i s e u i l l e  law f o r  
f l o w  through a narrow s l i t  i s ,  

3 
AP d0w 

Y7 

(32) Q =n 
Thus, t h e  Q p  product  was p l o t t e d  as a f u n c t i o n  
o f  
pe ra tu res  o t h e r  than  t h e  c a l i b r a t i o n  temperature. 
A l l  exper imenta l  work was a t  a temperature o f  20 t o  
29 'C. S ince  t h e  a/do r a t i o s  f o r  t h e  s l i t s  were 
small ,  f l o w  through t h e  s l i t s  was n o t  n e c e s s a r i l y  
fu l ly -developed,  and Q was n o t  l i n e a r  w i t h  bp.  
The c a l i b r a t i o n  cu rve  was w e l l  f i t  b y  a t h i r d  
o rde r  po lynomia l ,  wi th c o r r e l a t i o n  c o e f f i c i e n t s  
o f  0.99 o r  b e t t e r .  

Examinat ion o f  more than  250 photographs 
revealed t h a t  h i g h l y  s t a b l e  sheets were always 
formed, which conf i rmed an a n a l y t i c a l  p r e d i c t i o n  
( t o  be pub l i shed)  o f  sheet s t a b i l i t y  i n  t h i s  f l o w  
regime. I n  o t h e r  f l o w  regimes, l i q u i d  sheets 

1RW due t o  Rayleigh and Tay lo r  
separate i n t o  
i n t o  d r o p l e t s  
i n s t a b i l i t i e s .  
as d iscussed i n  Refs. 12 t o  14, i s  employed f o r  a 
number o f  end uses, n o t a b l y  heterogeneous combus- 
t i o n . )  
pump, which were imparted t o  t h e  generator  head, 
a r e  s u f f i c i e n t  t o  break up a c y l i n d e  n t o  drop- 
l e t s ,  due t o  Rayle igh i n s t a b i l i t i e s .  However, 
n e i t h e r  these  v ib ra t i ons ,  no r  t h e  u l t r a s o n i c  and 
acous t i c  o s c i l l a t i o n s  o f  a p i e z o e l e c t r i c  c r y s t a l  
imnersed i n  t h e  DC-704 i n s i d e  t h e  generator  head, 
caused any d e t e c t a b l e  i n s t a b i l i t i e s  i n  t h e  sheet. 
The sheet t h u s  appears s t a b l e  t o  a wide frequency 
range o f  impar ted disturbances. 

e n t  on t h e  s l i t  geometry. The f l u i d  dynamics of 
t h e  sheet a f t e r  convergence a t  l e n g t h  L v a r i e d  
cons ide rab ly  w i t h  changes i n  t h e  s l i t  geometry, 
and a l s o  w i th  t h e  sheet v e l o c i t y .  These param- 
e t e r s  a l s o  g r e a t l y  i n f l uence0  t h e  manner i n  which 
t h e  sheet converged i n  t h e  converqence length, L. 
I n  some cases, t h e  decrease i n  sheet w i d t h  was 
accomplished s o l e l y  by  fo rma t ion  o f  c y l i n d e r s  on 
t h e  sheet edges, as descr ibed e a r l i e r  i n  t h i s  
paper. I n  o t h e r  instances, f o r  c e r t a i n  sheets 
hav ing an e/do of 1.0, a reduc t i on  i n  sheet w id th  
was ac$ompanied by a t w i s t i n g  o f  t h e  sheet as much 
as 180 about t h e  p lane con ta in ing  t h e  s l i t  and 
i n i t i a l  p o r t i o n  o f  t h e  sheet. 
occurred ove r  t h e  e n t i r e  l e n g t h  f o r  which t h e  
sheet c o u l d  be observed, bo th  be fo re  and a f t e r  the 
convergence l e n g t h  L. Th is  t w i s t i n g  was observed 
f o r  a l l  t h r e e  34.3 mm wide s l i t s ,  as w e l l  as f o r  

bp, a l l o w i n g  c a l c u l a t i o n  o f  f l o w  r a t e s  a t  tem- 

ents, which i n  t u r n  break up  

(Atomizat ion o f  a l i q u i d  sheet, 

V i b r a t i o n s  f rom t h e  mechanical vacuum 

The behav io r  o f  t h e  sheet was s t r o n g l y  depend- 

Th is  t w i s t i n g  

t h e  25.4 mn s l i t  o f  75 pm thickness. When t h e  
t / d o  r a t i o  was increased t o  3.44, t h e  sheet 
remained i n  one plane, regard less o f  v e l o c i t y .  

a/do o f  3.44 behaved most i d e a l l y ,  a l though 
sheets f rom a l l  t e n  s l i t s  were very s t a b l e  over  
t h e  e n t i r e  v e l o c i t y  range invest igated.  
l onger  e/do s l i t  most l i k e l y  y i e l d e d  t h e  most 
i d e a l  sheets due t o  t h e  near establ ishment  of 
fu l ly -developed laminar  f l o w  through t h e  s l i t .  
Three a d d i t i o n a l  s l i t s  having e/do r a t i o s  of 7, 
10 and 12.5 were a l s o  tested.  Flow through these  
s l i t s  was observed, and f l o w  behavior iden, t ica l  
t o  t h a t  o f  t h e  3.44 e/do s l i t  was noted. 

equal t o  t h a t  o f  t h e  s l i t  was o c c a s i o n a l l y  
observed. I n  such instances, t he  f l u i d  would 
form i n t o  two o r  t h r e e  narrower sheets a long t h e  
w i d t h  o f  t h e  s l i t .  These sheets would converge 
independently o f  each other .  
these undesi red sheets was t h e  same as f o r  a 
s i n g l e  sheet formed f rom a s l i t .  Proper u l t r a -  
sonic  c lean ing  o f  t h e  s l i t  e l im ina ted  t h i s  anomaly 
whenever i t  was observed, w i t h  t h e  des i red  sheet 
fo rma t ion  then  r e s u l t i n g .  

Representat ive photos o f  t h e  sheets observed 
a r e  shown i n  Figs. 5(a) t o  (c) .  As can be seen, 
t h e  sheets a re  ve ry  n e a r l y  p e r f e c t  i sosce les  tri- 
angles. F i g u r e  5 shows a sheet w i t h  an L/w 
r a t i o  o f  9.6, and Fig. 5(b) shows a sheet w i t h  one 
o f  1.5. Although d i f f i c u l t  t o  observe, when these 
sheets were examined a t  4x p r o j e c t i o n ,  b o t h  sheets 
were noted t o  be s l i g h t l y  convex. Sheets f rom t h e  
o the r  n i n e  s l i t s ,  such as t h e  sheet o f  F ig .  5(c) ,  
were a l l  s l i g h t l y ,  almost impercept ib ly ,  concave. 
The behavior  o f  t h e  sheet a f t e r  t h e  convergence 
length, L, which i s  o f  l i m i t e d  concern f o r  t h e  LSR 
concept, i s  shown i n  F ig .  5 (c )  as con t ras ted  t o  
F igs.  5(a) and (b). The sheet o f  Fig. 5 (c )  i s  
observed t o  degenerate a f t e r  convergence i n t o  
d i v e r g i n g  f l u i d  j e t s ,  which subsequently break up 
i n t o  d r o p l e t s  due t o  Rayle igh i n s t a b i l i t i e s .  The 
behavior  seen i n  Figs. 5(a) and ( b )  i s  t y p i c a l  o f  
t h e  m a j o r i t y  o f  sheets observed. 
such as shown i n  Fig. 5(c)  i s  o n l y  o f  concern f o r  
o f f -des ign  LSR performance, when t h e  sheet l e n g t h  
L might  n o t  match t h e  d is tance between t h e  sheet 
generator  and sheet c o l l e c t o r .  

The dependence o f  sheet l e n g t h  upon v e l o c i t y  
i s  shown i n  Figs. 6(a)  t o  ( c ) .  
constant  f o r  each p l o t ,  w i t h  sheet th i ckness  as a 
parameter. The p l o t s  show t h e  experimental data, 
w i th  t h e  least-squares l i n e  cbta ined f r o m  a one- 
paramenter curve f i t  o f  t h e  data. As can be seen, 
t h e  f i t  i s  ve ry  good. The l i n e a r  r e l a t i o n  between 
sheet l e n g t h  and v e l o c i t y  agrees w i t h  t h e  t h e o r e t i c a l  
p r e d i c t i o n  o f  Eq. (14). Each f i g u r e  a l s o  shows an 
increase i n  sheet l e n g t h  ( a t  any v e l o c i t y )  w i t h  
i nc reas ing  sheet th ickness,  do. 
t h e r  n o t i c e d  i n  F ig .  6 (c )  t h a t  t h e  t / d o  r a t i o  o f  
t h e  s l i t  a f f e c t e d  t h e  f u n c t i o n a l  r e l a t i o n  between 
sheet l e n g t h  v e l o c i t y  th ickness and width.  A s  d i s -  
cussed above, sheet behavior  was v i s u a l l y  observed 
t o  be s t r o n g l y  i n f l uenced  by  s l i t  e/d,. Hence, 
t h e  f u n c t i o n a l  dependence on s l i t  e/d evidenced 
i n  F ig .  6 ( c )  i s  t o  be expected. 

O f  t h e  t e n  s l i t s  examined, t h e  s l i t  w i t h  an 

The 

D i f f i c u l t y  i n  o b t a i n i n g  a sheet w i t h  a w i d t h  

Flow behavior  of 

Sheet behavior  

Sheet w i d t h  i s  a 

I t  w i l l  be fu r -  
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Comparison o f  Theoret ica l  and Experimental F low 
Resu l t s  

The experimental r e s u l t s  f o r  L /w i n d i c a t e  a 
l i n e a r  dependence on the v e l o c i t y ,  vo. T h i s  i s  i n  
agreement w i t h  t h e  t h e o r e t i c a l  p r e d i c t i o n ,  Eq. (14) 
if do/dL i s  independent of vo and yw << 1 
( f o r  a l l  experimental c o n d i t i o n s  yw < 0.1). Fo r  
s u f f i c i e n t l y  wide s l i t s ,  do/dL should be independ- 
e n t  of w. I n  t h a t  case, according t o  Eq. (14), 
L / w  - w1/4. Only three s l i t  w idths were exper i -  
m e n t a l l y  i nves t i ga ted .  Therefore, t h e r e  i s  i n s u f -  
f i c i e n t  d a t a  t o  determine L lw  as a f u n c t i o n  o f  
w. However, i n  comparing the w = 25.4 mm n d  
w = 34.2 mm d a t a  i t  i s  found t h a t  L /w - w1Y4 
f o r  t h e  do = 50 pm and 100 pm s l i t s .  The 

mm s l i t s  data does n o t  agree wi th  L i  16i5/4. I n  t h i s  case do/dL p robab ly  i s  a 
f u n c t i o n  o f  w s ince  w i s  n o t  l a r g e  enough t o  
make end e f f e c t s  neg l i g ib le .  Also, i n  comparing t h e  
do = 75 pm s l i t s  a t  w = 25.4 mm and w = 34.2 mm 
we f i n d  t h a t  t h e  L/w - w1I4 r e l a t i o n  does n o t  
apply. More experimental data of L/w as a func- 
t i o n  of w i s  necessary t o  determine t h e  r e l a t i o n  
between L/w and w. However, i t  can be concluded 
t h a t  L l w  i s  a s low ly  va ry ing  f u n c t i o n  o f  w f o r  
s u f f i c i e n t l y  wide s l i t s .  

Assuming t h e  simple t h e o r e t i c a l  r e s u l t  
(Eq. (14 ) )  i s  co r rec t ,  t hen  t h e  experimental 
l i n e a r  dependence o f  L/w on v i m p l i e s  t h a t  
do/dL i s  independent o f  vo. Afso, as d iscussed 
above, d o l d  i s  independent o f  w .  However, u s i n g  
Eq. (14) anb t h e  experimental da ta  we f i n d  t h a t  
do/dL i s  an i nc reas ing  f u n c t i o n  o f  do. S ince 
o n l y  t h r e e  s l i t  thicknesses were t e s t e d  t h e r e  i s  
i n s u f f i c i e n t  da ta  t o  determine t h e  r e l a t i o n  between 
do/dL and dL. A more complete ana lys i s  t h a t  
p r e d i c t s  t h e  shape o f  the sheet cross s e c t i o n  w i l l  
a l s o  e s t a b l i s h  t h e  r e l a t i o n s h i p  between do/dL 
and do. 

i n d i c a t e  a dependence on t h e  s l i t  l eng th / th i ckness  
r a t i o ,  %/do. As F ig .  6(c)  shows, t h e  e l d o  = 3.44 
s l i t  y i e l d s  a l a r g e r  L/w than t h e  
The t w i s t i n g  o f  t h e  sheet observed w i t h  e/d = 1.0 
s l i t s  i n d i c a t e s  a v e l o c i t y  component i n  t h e  
2 -d i rec t i on .  
t h e  e / d  = 3.44, 7, 10, 12.5 s l i t s  o n l y  x and y 
v e l o c i t y  components ex i s t .  
t h e  l a r g e r  e /d  s l i t s  t o  remove the  unwanted z 
v e l o c i t y  component. 

F i n a l l y ,  experimental r e s u l t s  f o r  L/w 

Q/do = 1.0 s l i t .  

S ince the t w i s t i n g  d i d  no t  occur  w i t h  

Fu tu re  work w i l l  use 

Conclusion 

P r e l i m i n a r y  t h e o r e t i c a l  and experimental 
r e s u l t s  f o r  a l i q u i d  sheet r a d i a t o r  (LSR) a r e  
encouraging. 
c a l c u l a t e d  as approximately t h e  same as t h a t  o f  
t h e  l i q u i d  d r o p l e t  r a d i a t o r  (LOR) sheet. 
f o re ,  t h e  s imp le r  design f o r  t h e  LSR sheet gener- 
a t o r  and c o l l e c t o r  should r e s u l t  i n  a h i g h e r  
s p e c i f i c  power f o r  t h e  LSR t o t a l  system than  f o r  
t h e  LOR t o t a l  system. Also, t h e  LSR should n o t  
have t h e  a l i  nment problems associated w i t h  t h e  
many (105-108) d r o p l e t  streams o f  t h e  LOR. 

The exper imenta l  f l ow  r e s u l t s  i n d i c a t e  v e r y  
s t a b l e  sheet f lows.  Also, t he  experimental l i n e a r  
dependence o f  L/w on ve loc i t y ,  vo, i s  i n  agree- 
ment w i t h  t h e  s i m p l i f i e d  analys is .  More exper i -  
menta l  d a t a  i s  necessary t o  determine L/w as a 

The s p e c i f i c  power o f  t h e  LSR i s  

There- 

f u n c t i o n  of s l i t  width, w, and th ickness,  do. Pre- 
l i m i n a r y  exper imenta l  r e s u l t s  f o r  L /w ve rs  s w 

r e s u l t .  

a t  de te rm in ing  t h e  sheet cross-sect ional  shape, 
and t h e  sheet e m i s s i v i t y .  

show agreement w i t h  t h e  t h e o r e t i c a l  L/w - w Y / 4  

F u r t h e r  experimental work should be d i r e c t e d  

Appendix A - 
Emiss ive Power o f  Continuous Sheet 

Consider an i n f i n i t e  sheet o f  th ickness,  
do, i n  a vacuum and r e c e i v i n g  b lack body 
i n t e n s i t y  ix(T,) as shown i n  F ig .  l ( a ) .  Make 
t h e  f o l l o w i n g  approximations: 

1. Absorpt ion c o e f f i c i e n t ,  a, i s  cons tan t  
across t h e  sheet and no s c a t t e r i n g ,  

2 .  Sheet a t  constant  temperature, T, 
3. Vacuum-sheet i n t e r f a c e  behaves i n  a 

d i f f u s e  manner w i t h  r e f l e c t i v i t y ,  p x  

n i - ( d  , e )  = P q ( d  + (1 - P ) q  
x xi o A, x o  

+ 
nix(O,e) = Pxqxi(o) + (1 - P ) q  

Am 

f8  in 
With these approximations, t h e  i n t e n s i t y  movi 
t h e  p o s i t i v e  z -d i rec t i on ,  i:(z,e) i s  g i ven  b y  

(A -1  

where t h e  b lack  body i n t e n s i t y ,  i x ( T )  i s  t h e  
f o l l o w i n g :  

2C1 dx 
i,(T)dx = (A-2 

- 1 )  
5 ( :2/xT 

4 
(A-3 1 8 WATTS pm 

m 
C1 = hC: = 0.595~10 

hC 

2 -  k C - 2 = 14 388 urn K (A-4) 

Where Co i s  t h e  vacuum speed o f  l i g h t ,  h i s  
P lanck ' s  constant  and k i s  t h e  Boltzmann constant. 

R e f e r r i n g  t o  F ig .  A-1, t h e  spec t ra l  emiss ive power 
o f  t h e  sheet i s  

(A-5 

Since t h e  vacuum r a d i a t i o n  i s  assumed t o  be b lack  
body, 

n i x ( T m )  = q, (A-6 
m 
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FIGURE A l .  - SCHEMATIC OF I N F I N I T E  SHEET RADIATION. 
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(A)  TOP VIEW OF SHEET FLOW. 
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(B) CROSS-SECTION OF SHEET FLOW. 
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(C) APPROXIMATION OF CROSS-SECTION USED FOR ANALYSIS. 

FIGURE 1. - SCHEMATIC OF THIN L I Q U I D  SHEET FLOW. 
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FIGURE 2. - DIMENSIONLESS SHEET LENGTH FOR ZERO 
GRAVITY (7, = 0) .  
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FIGURE 4. - S L I T  GEOMETRY. 

~ - --- - 
FIGURE 3. - EXPERIMENTAL L I Q U I D  SHEET GENERATOR. 

( A )  (do= 109 FM, L/d, = 3.44 .  L/W = 9.6. Vo = 11.1 W S ) .  

FIGURE 5.  - CONVERGENCE O i  A 34 m WIDE SHEET. 
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(C) (do= 114 p ~ ,  J/do = 1.0, L/w = 1.6. Vo = 2.13 MIS). 

FIGURE 5. - CONCLUDED. 
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FIGURE 6 .  - DIRNSIONLESS SHEET LENGTH. 
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